We describe a simple, fast chromatographic technique for quantitatively separating the five isoenzymes of lactate dehydrogenase (LD; EC 1.1.1.27) in serum. A 250-zL serum sample is applied to a 6.0 X 0.7 cm column of QAE-Sephadex A-50 and eluted stepwise with five different buffers. The isoenzyme fractions, assayed by the method of Wroblewski and LaDue [Proc. Soc. Exp. Biol. Med. 90, 210(1955)], are stable at room temperature for 24 h. For all five isoenzymes the average within-day coefficient of variation is 4.3%; the day-to-day CV for 20 days is 6.3%. Of some common potentially interfering substances tested, only sodium fluoride (238 mmol/L) was found to do so, by slowing the elution from the column and making the fractions turbid. The expectedrange in international (IUB) units and percent for each isoenzyme was determined from data on 73 men and 70 women. From these data we calculate, by a percentile estimate of a nongaussian distribution, a normal range of LD-1/W-2 ratio of 0.55-0.87 for men and 0.52-0.9 1 for women. The LD isoenzyme patterns in both normal and above-normal samples of 147 sera, as evaluated by the present column method and by electrophoresis, correlated well.
Separation of Five lsoenzymes of Serum
all five isoenzymes the average within-day coefficient of variation is 4.3%; the day-to-day CV for 20 days is 6.3%. Of some common potentially interfering substances tested, only sodium fluoride (238 mmol/L) was found to do so, by slowing the elution from the column and making the fractions turbid. The expectedrange in international (IUB) units and percent for each isoenzyme was determined from data on 73 men and 70 women. From these data we calculate, by a percentile estimate of a nongaussian distribution, a normal range of LD-1/W-2 ratio of 0.55-0.87 for men and 0.52-0.9 1 for women. The LD isoenzyme patterns in both normal and above-normal samples of 147 sera, as evaluated by the present column method and by electrophoresis, correlated well.
The introduction of LD isoenzyme separation has increased the diagnostic usefulness of LD.' Several reports demonstrate that after an episode of MI, LD-1 and LD-2 isoenzymes are greatly increased (LD-1 more so) in the serum (1) (2) (3) (4) . These increases can be detected for as long as two weeks or more after the episode, even when the total LD has returned to normal (1, 2) . In particular the ratio of LD-1/LD-2 is important in the late diagnosis of MI. Although LD-3 can be found in the thyroid and adrenal glands, lymph nodes, pancreas, spleen, and leukocytes (5, 6) , its diagnostic significance is not yet clear.
Reportedly, it is increased in the serum of patients with pulmonary embolism and lymphocytic leukemia (7), and LD-3 and LD-4 are said to be consistently increased in the serum of patients with malignant neoplasms (4) LD-5 is increased in patients with liver diseases (7) (8) (9) Several column-chromatographic methods have been described (10-13) for separation of LD isoenzymes, most of them tedious and not suitable for routine use. Mini-column systems have been reported for use in partial isolations only, such as the separation of LD-5 from LD-1 and LD-2, which are collected in one fraction (14, 15) , or the separation of LD-1 and LD-2 only (16). One very important diagnostic use of LD is in the interpretation of the isoenzyme ratios. The ratio of LD-1/LD-2 is usually greater than normal in MI (3, 17) and a LD-5/LD-1 ratio >1 has been proposed as an indicator of malignancy (18, 19) . Much clinical diagnostic interpretation of LD-isoenzymes is based on electrophoretic data. It is well known that electrophoretic results can vary with the support medium (20, 21) , buffer (22) , temperature (5), and visualization procedures (23) . Consequently, electrophoresis is considered to be qualitative or semiquantitative. Therefore, a simple, rapid and quantitative procedure for the separation of each isoenzyme is needed to improve the diagnostic sensitivity and specificity
(24).
We describe here a procedure for separately eluting all five isoenzymes from a miniature column of QAE-Sephadex A-50 by use of five different eluting buffers. The eluted isoenzyme fractions are assayed spectrophotometrically for LD activity. Human sera for all work, except the field study, were obtained from a local hospital and kept at room temperature for no more than one week before use (25, 26) . The serum controls used in the present study were formulated from extracts of human tissue and blood. Therefore all of the LD isoenzymes are of human origin.
Materials and Methods

Column Chromatography
The anion exchanger, QAE-Sephadex Fines were removed by decantation and the resin was re-equilibrated with fresh buffer several times before packing a bed of 6.0 X 0.7 cm in a polystyrene column. Each column contains about 60 mg (dry weight) of the resin. Before a sample is applied, the column is washed with 10 mL of the buffer, allowed to drain completely, and samples are then applied immediately.
Five buffers with different salt concentrations, pH, and eluting volumes are used in the system. Buffer A is the same buffer used to swell the gel and wash the column. Buffers B, C, D, and E contain 60, 100, 145, and 240 mmol of NaCl per liter of 20 mmolfL tris(hydroxymethyl)aminomethane hydrochloride buffer (pH 6.3 ± 0.1) respectively. A 0.25-mL sample is applied to the column, followed by 5 mL of Buffer A. LD-5 is not bound by the resin and is collected in the first fraction. LD-4 is eluted with 10 mL of Buffer B. LD-3, -2, and -1 are eluted stepwise with 20 mL each of Buffers C, D, and E, respectively. The eluate of each fraction should be well mixed before assay.
Assays of LD Activity
The LD activities in the fractions are assayed by the method of Wroblewski and LaDue (27) by the use of a Model 2400 spectrophotometer (Gilford Instrument Co., Oberlin, OH 44074) or Zeiss PM6 spectrophotometer (Carl Zeiss, Inc., NY 10018). In this method, LD catalyzes the conversion of pyru- vate to lactate and NADH to NAD1, and the activity is directly proportional to the decrease in the absorbance of NADH at 340 nm. "Statzyme LDH (P-L) 16" (cat. no. 27622 Worthington Diagnostics, Freehold, NJ 07728) was used in this study. Instead of the usual 16 mL, 5.5 mL of water is added to the reagent vial and mixed gently to dissolve. One milliliter of reagent is mixed with 2 mL of the column fraction and assayed at 30 #{176}C for 3 to 5 mm. The total LD activity of a given serum sample is also assayed by the same procedure after the serum has first been diluted 200-fold with water, a dilution comparable to that of eluate fractions. The reagent reconstituted and used in this manner yields the following final concentrations of reactants, in millimoles per liter of assay mixture: Percent recovery of LD activity from columnelutlon. Figure 1 shows the fractionation of a human serum with a total LD activity of 191 U/L. This experiment was performed to establish the appropriate salt concentration and buffer volumes. In this case, Buffer D contained 150 mmol of NaC1 per liter. The elution volumes were 6,6, 10, 16, and 12 mL for Buffers A, B, C, D, and E, respectively. The peak fractions were electrophoresed (Beckman Microzone System) and identified as LD-5, -4, -3, -2, and -1. Figure 2 illustrates the fractionation of human brain extract (1226 U/L). The same buffer system was used as in Figure 1 . The sixfold difference in total LD activity between the samples in Figures 1 and 2 accounts for the poorer separation of the peaks in Figure 2 . Several additional experiments indicated that it would be advantageous to increase the elution volumes and adjust the NaCl concentration of Buffer D. The current system as given in Materials and Methods was used to obtain the data illustrated in Figure 3 .
Results
We studied the degree and extent of carryover (Table 1 ) from one fraction to another and what effect this would have on the values obtained if we attempted to correct for it. The column fractions were concentrated and electrophoresed on agarose to check for carryover. The fluorescent isoenzyme bands were scanned and the percentage of each isoenzyme in each column fraction is shown in Table 1A . In the case of serum 1 the fractions containing LD-5, -4, -3, and -2 are free of contamination with other isoenzymesof LD. About 14% of the LD-1 fraction is contaminated with LD-2, which is equivalent to 3.8% of the total LD (27% X 0.14). Therefore, the total LD-2 is 41% and LD-1 is reduced to 23% after correction (Table 1B ). In the case of serum 2, LD-4, -2, and -1 are contaniinated with adjacent isoenzymes (Table 1A) . The results after correction for carryover are still very close to the original values determined by direct assay (Table 1B) .
We evaluated the stability of the isoenzymes in the column fractions and found that all five isoenzymes are stable for 24 hat room temperature. LD-5 and LD-4 are the most unstable isoenzymes after storage at 4#{176}C or for more than 24 h at room temperature. This observation confirms previously published data (25, 26) . Of 17 common potentially interfering substances tested (Table 2) , only sodium fluoride (238 mmol/L) affected the results; it did so by reducing the flow rate and making the column fraction turbid.
Within-day precision was checked with a normal and an above-normal serum and with an above-normal serum control The values In parenthesis are the highest and lowest observed. Where a percent is given it is the percent of total W. (Table 3 ). Five to six determinations of each were made within an 8-h period. The highest CV (15.1%) and lowest CV (1.0%) are observed at isoenzyme activities of 10.6 and 266 U/L, respectively. Day-to-day precision studies were conducted with a serum control for 20 successive working days (Table 3 ). The average CV was 6.3%. The expected range for each of the isoenzymes was determined for 73 men and 70 women who were asymptomatic and normal by multiphase screening ( Table 4) . The results were calculated on the basis of a percentile estimate for a nongaussian distribution. The expected range for the LD-1/LD-2 ratio is 0.55-0.87 for men and 0.52-0.91 for women.
A field study was performed on 147 samples. The LD isoenzymes were determined both by column and electrophoresis. The data in Table 5 are for these 147 samples; results by the two methods agreed for 140, based on our expected ranges for the column method, the range commonly accepted for electrophoresis, and independent diagnostic criteria as judged appropriate by the participants in the study. Among these, 67 samples have an isomorphic normal pattern. The average LD-1ILD-2 ratios are 0.70 ± 0.12 and 0.67 ± 0.10 and the LD-5 values (%) are 7.0 ± 2.5 and 11.2 ± 3.5 by column and electrophoresis, respectively. An increased LD-1/LD-2 ratio is observed with 27 samples, where 10 were MI patients with an average LD-1/LD-2 ratio of 1.38 and 1.10 by column and electrophoresis, respectively. Two samples show an increased LD-3 and one sample shows an increased LD-4, detected by both methods. LD-5 is increased in 42 samples, 16 of which were from patients with liver disease, with an average LD-5 of 26% and 30% of the total LD by column and electrophoresis, respectively. One pleural fluid sample was also assayed. The percentage LD isoenzyme distribution was 8, 19, 23, 16 , and 35 by the column method and 6, 15, 21, 25, and 33 by the electrophoretic method for isoenzymes 1 through 5, respec-
tively.
In seven casesthe results by column and electrophoresis did not agree (Table 5 ). Of these, three samples show a lack of agreement of the LD-1/LD-2 ratio by electrophoresis and the column method. One patient was seen in the emergency room with chest pain; all enzymes were normal, the electrocardiogram was normal, and the patient was discharged. A second patient presented with anorexia and vomiting. All enzyme values were normal except for a slightly increased total LD. The case report for the third patient was not available, but the total LD value was above normal. With four caseswhere there is a lack of agreement in the LD-5 determination between the two methods, medical opinion and diagnosis suggest that the column method yielded one false-positive and one false-negative result and electrophoresis yielded two false-positive results. The final analysis of the results of this field study shows that for the 147 cases there was 95% agreement.
The procedure described for the complete separation of all five isoenzymes can be modified to separate only LD-1 and LD-2 in those cases where only these two isoenzymes are of interest. After the sample is applied to the column, 20 mL of Buffer C is added to elute LD-5, -4, and -3 into one fraction. Then 20 mL each of Buffers D and E are used to elute LD-2 and LD-1 consecutively. The results obtained by this modified procedure are comparable to those obtained by the complete procedure. Two examples are shown in Table 6 . As can be seen in both cases, the absolute units of LD activity and per cent distribution compare very well by both the complete and modified procedures.
In an independent study of 114 serum samples, the average per cent recovery of total LD (mean ± 1 SD) was 107.4 ± 13.3%. The average per cent recovery for the data shown in Tables 3 and 6 collected by us is 102.7 ± 4.4%.
Discussion
The present method is the first successful attempt at isolating all five LD isoenzymes by stepwise elution into five fractions at room temperature in a miniature column system. The procedure is simple, precise and quantitative. To increase the assay sensitivity, LD was assayed from pyruvate to lactate (28) and the assay reagent was intentionally prepared three times more concentrated and then diluted with the column fractions. As we indicated in the results, some cross-contamination is noted; however, the overall result is not affected.
With this procedure, one can quantitate each individual isoenzyme and thereby improve its clinical significance. The field study results, in general, indicate that the column method yields higher values for LD-1 and LD-2 and lower values for LD-5 as compared to electrophoresis. This probably results from the differences in LD assay methods used in both procedures: the column fractions are assayed kinetically at 30 #{176}C in the pyruvate-to-lactate direction to increase the sensitivity and the electropherograms are stained in a fixed-point mode at 40 #{176}C in the lactate-to-pyruvate direction to allow for visualization. These factors would contribute to differences in the isoenzyme activities measured. Variation in isoenzyme distribution can also be seen among different electrophoretic methodologies (2, 4, 6, 7, 29) . Therefore, it is important to base any diagnostic interpretation from an expected range determined within a specific population group and by the specific method of choice.
The field study results show that the LD-1ILD-2 ratio in MI cases is not necessarily greater than 1 by both column and electrophoresis (column = 0.90-1.91; with an elevated LD-1/LD-2 ratio, the diagnosis was non-MI based upon independent criteria. Most of these samples (14 of 17), however, had some indication of cardiac involvement-e.g., open-heart surgery, coronary artery by-pass, or aortic valve prosthesis. Therefore, it is very important to perform other laboratory tests and clinical assessments of the patient to facilitate a diagnostic interpretation of the isoen-
